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Endorsement (1) From Dr. J. G. Kirkwood, Member, Division 8 to
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Forwarding report and noting:

“This report is concerned with the structurc of the
reaotion zone at the front of a detonation wave.

On the hypothesis of thermel initiation and estie
mates of the absoluto rate constant end free energy
of activation of the explosion reaction, the authors
calculate the width of the reaction zonc in a de-
tonation wave, both in the homogeneous case and in
the heterogeneous case, in which evaporation is the
rate-determining step. Their estimates of the
width of the reaction.zone are than those based
upon the effect of charge diamoter on dotonation
volocities. MHowever, with a larger value of the
grain radius, their cstimate would be raised in

tho heterogeneous case,"

(2) PFrom Dr. G. B. Kistiakowsky, Chief, Division 8
to Dre. Irvin Stowart, Executive Secretary of the National Dofense
Rosearch Committee.

Forwarding report and conourring with the above ondorsement.

This is a progress report under Contract No. OEMsr-957 with Princeton
University.
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All the properties which cdescribe the state of an exploeivgtz
substance immediately after the passage of a steady-state one-
dimensional detonation wave can be caloulated with considerable
accuracy by the hydrodynamic-thermodynamie theory. This theory
determines the five unknown properties

(1) Detonation velocity D
(2) Gas velocity U ,
(3) Detonation temperature T,

(4) Detonation pressure Py
(5) Detonation specifioc volune vy

in terms oif the known thermal properties ol the initial state, with
the aid of the iive equations

(1) Conservation of mass
(2) Conservation ol momentum
(5) Conservaiion of eneryy
(4) Bgquation o state of the subeiance
(5) ‘*he Chapman-Jouguet condition,
veny . [P
\av,/s .

vo=vy  \dvg

These steady-siate properties depend only upon the equilibrium
conditions in front of the wave &nd hehind the wave, and are
completely independent of the detailed structure of the detonation
wave and of »roperties which affect only that structure -=-
properties like the viscosity, the thermel conduetivity, or the
specific rate of the chemical reaction.

Various researches on the necessary high=-temperature thermal
data and on the appropnriate equation of state for hisghly compressed
gases (cf. the surmaries by Kistiakowsky and Wilson, and by Cook)
and on the validity oz the Chapman-Jouguet eondition (von Newrenn)
permit calculations ox the detenation properities oi any chosen
explosive te he made with considerable assurance. In the present
invesiigation we shall assume the correctness orf the hydrodynamioc=-
thermodynamic theory ior steady-sitate one-dimensional waves, and
shall use its results whenever necessary.

The agreemeni beiween theory and exyperinent becomes poor
for some explosives under cericin conditions -- in particular, for
explosives oi low energy, loosely conxined or in ncrrow charges,
in the cast state or large mrains, or insufrficiently boosted.
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Undexr these conditions the explosive may (a) refuse to detonglqu
or, fall to attain the full theoretical detonation veloocity. The
problem is to decide whether a particular initial impulse will
attemate and eventually die away, or whether it will grow into

a detonation. In other words, & solution of this problem would

. aover the entire subjeoct of "sensitivity" of explosives (i.e.,
sengltivity to thermal initietion., The problem of sensitivity to
shook involves the additional problem of the conversion of

- mechanical enerpgy into heat),

Or the explosive may (b) after detonation has been initiated, fail
to maintain it, After the explosion, part of the explosive remains
unchanged. The solution of this proﬁlem requires a study of the
rates of the dissipative processes which cause the chemical reaction
(and the detonation wave) to come to a stop.

The preaent investigation has been undertaken to study the
theory of the causes of these two kinds of failure. In the sourse
of i1t we shall study the distribution of temperature and pressure
within a detonation wave, and the effect of these variables upon
the rate of the chemical decomposition reaction,

The report will be divided into four parts:

Part I. Chemical Reactlons in an Ixplosive Substance,

The efiect of temperature, pressure, and the nature of the
reacting phase will be discussed.,

Part II. Detalled Struoture of the Steudy-State Detonuation Wave.

Numerical integration will be employed to obtain the
distribution of temperature and pressure in shock waves with and
without chemical reaction.

Part III. Detonation Wave with Radial Losses,

Part IV. Detonation Wave in the Non-Steady 8tate.
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PART I. CHRIICAL REACTIONS IN AN EXPLOSIVE SUDST.MNCE. : 77AL

2ine-Temperature Relation in an ixplosive Reaction,

—

. It will be useful to have a preliminary idea of the times
required to attain various temperatures in the explosive reaction.
To obtain thie preliminary estimate, we can consider a volume of
reactant all of whioh is brought to the temperature T, at time t=0.
We then solve the conservation-of-energy equation with the negleot
of all trangport terms, obtaining the temperature T as a function
of time t. (It 1s, of course, realized that the neglected transport
terms may become important in an astual wave.)

Consider the errgy change within this reaction mixture from
time t = O to time £ = t. 'Then :

(2 -8)+Q -~ Tp(r~2,) =0 T4l eesene{l)

where 1T is the temperature at time t,
Cv is the mean heat ocapasity,
.Q 18 the heat evolved by the reastion to time %,

(B~Li,) ingludes a&ll other energy terms: radiation, sendustion;
= = kinetic energy, adlabatic sompression. It will in
general be & funotion of both time and distance.

To the approximation we now require, (Z-L,) may be set equa.l 4o’
zero, giving W

T ° To ='va : i .‘......-.'{2)'.

By neglesting all transport terms we have eliminated. diastansce from

the equation. 1In other words, it is esesumed that &ll the heat of

the reastion goes to raise the temperature of the reaction mixture. .
At infinite time t =00, the temperuture will have attained

a terminsl value
Too' To :Qm/L'v vesese(3)

where 9@ is the heat evolved in the eomplete reaetion.
- The temperature variation is now given ty

ar 1 49 | ceenealdd
at Ty adt Gu “F\Dé«‘\k\_
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To proceed farther, we must evaluate dy/dt in terms of
kinetics of the reaction. i'or a first order reactionm

. 9;:,129"-&/'1' 000100{5)

das
T _=A/T
°=0 Scze .8 .ocooo(e,

where n 1s the umount of unchanged reactunt remaining,
Z 1s the probability factor for the reaction,

A 1s aHJR, the heat of aotivation for the reaotion divided
by the ges constant.

The heat Q is then
t as
- 4
> = Qm (1 ] e-gnze dt> .An-.'{('?)

and its time derivative is

Q=Qm(1-§;.

<

iy T o=A /T
8 2 s o747 o0 s ronall)
On combining Eq.(7) end Eq.(8),

oo-o.-(g)

-T,ZG-A/T .-cnoo(lo’

which is the basic diiferential equation to be solved. It is
integrated without diffioulty to give

R AR S

1 . A
=6l = 4 — - - ==
Z .Do h- i‘o .l‘m Z T Tm)' . {11)

the symbol Ei represents the exponential integral
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b = }
~0/v
for which tabulated values are available. I'or all values EN]-
tempoerature except those in the immediate neighvorhood of 2o / L

the exponeniial integrsl may be replaced by ite approximite value

ex

Bi x = T+"'

giving as the final result
| 2 2
Yo A/T, . T da/m eeees(12)
l‘w -To Tm -T .
Trom Eq. (12) == or, in the neighborhood of T , from

Eq., (11) == the time-temperature curve for the entire course of
the explosive reaction can be calculated readily. 4is an illus~-
trative example, this has been done using the following numerical
values

1000°z

6000°Kk
1016 geo=1
60,000/1.986

and the results aré tabulated in Table I. 'The same results are
graphed in Pig. 1, and to & greatly enlarged scale in Iig., 2.

*phe value 07% Z was taken to be kTZn where k is Boltzmann's
constant, 7 1s 3000°K, and h is Planck's constant, “multiplied into

e /R with AS 5 cal deg 1 ‘fhese are resgonatle values, for the
entropy change of activatlon in the highly condensed systen is

probably small. *
The value of AH' was arbitrarily chosen as 60 kcal., or

about the strength oX & carbon-carbon bond. Experimental velues
Ifrom low-temperaiure measuremenie have teen reported toth higher

and lower than this value.
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FIGURE 1

Time, 107 seconps

?ime-tenperature relation in an explosive reaction.
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FIGURE 2
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JMme-temeraiure rolation in an ex:losive reaction.
Znlarrel scale,.




teperature oz'fab].-é. : 'Timo BecondsoaﬂF,DEerAL

1000 5 O -8
1010 6446 10 1,88 10"9Y
1100 " 5.9 1070
1200 7425 10=7
1500 8.1 1079
2000 1.6 1074
5000 Vedd 10°12
4000 768 10~1
6000 1.95 10°1v

5500 i
5600 1.56 10~19

5900 9,09 10=1v

5950 4,19 10™19
5990 6,65 10715
65999 9,66 10~19

6000 Infinite

+ 4+ + -t

Discusgioa

(a) The calouletec curves will be olserved to reproduce
the qualitative ieatures ol an explosive reaction; a long induction
reriod is rolloweu by wn extremely raplda rise or temperature, whioh
does nov cease until the veuction is suvstantially complete.

(b) When the reaciion hus proceede. toc any wppreciable
exioni, the second term on the right ox ig. (12) may te nerlecied
in comarigon with the xivet, siving

- nw &
- 3 2 LAfe
% ..-_."-.-‘_..0._‘..3/*0 cecsee(lD)
-« <op= Lo

The induciion pexiod thereiore depeinds exponenitiully on the
reciprocal oi the initial akbsoluie temperiture.* This 1s
precisely ti:e result iound experimenially by vedous experimenters
(“ndreev, Corner, Hailes, Harvey, liuraour). ihe relaiion is
usually written in the form

logt=%—+n vesene(ld)

- *gn the ilipetrative example, the induciion period ior
2o = 800°I, is 1017 years. fThe subsicnce would te statle ot
room tempersiure!

~ONFIDENTIAL
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)
Jis agreenent with experiment leas us tc expect that%
dcrepoing timo-temperature analysis is not far ivom cor aENT

(e) The numericcl values of .inse. 1 and 2 are proh.lly IAL
sufiicieatly acourate to provide an order-of-mcgnitude esivimate.

It will be obsiiyed that the last 755 oif the reucéion reguires

only akoui 10=1L geconcs. During thile time & molecule in the
sompressed 8:ate will underpo some 10 to 100 eoliisions, whioch will
sexve to equalize any loocal temperature rflueiuvavions.

Uven with an initial temper:ziure ox 1000°K., (which is a
temper..ture that may reasonably be e:pecio: 10 occur locully iron
frictional heaiinp) the induction period ie only oi the oxder of
10-5 geconis. It is a iaoy thut time-lane o4 irnition oxr sensiiive
explosives, au devevnined vom ogcillonraph recoids, ar¢ Liout
10~5 seconds (guote.. by Cook, 1945).

I£ vhe reczetion does proceed at velociiies ol ¢he order ox
those estimaiec heie, there remains no otjecilon to the "thermal"
hypoihesis or reaction; the only revious objection lad Leen that
the raaction wonld proceed too slowly (e.Z., one esibmate guve a
time-lars o0 10™Y geconus).

\te may- thererore make subsegueni calenlc.iions on the
asswmbtion that eacli indiviauval molecnle i1 ilie explosion ancersoes
an orcinary therm:.l veaction, anc thav iis raie of reuction can te
treated by the usual methods ox chemical kineties. In particular,
it will not te necessary to assume thai the rewction is iniitiated
by any epecicl mechanism iavolving im»raet or shock waves, as has
sometiimes btoen zssumed.

*Semenov nas o:taine. an equation uleo oi ihe form of lg.(l4)
oy assuming thoat the rewction procuces frapments whieh ean latex
initiate chaine == Ghe so-called Y(egzenorate branchiing. It is
andersgtandable vhat the equations chould be rormally sinilar
Lecause in ecch »rocess something producecl by the reaction (heat
or chain-gtarters, respectively) serves to acceleru.te the reaction.
the “"degenerate -ianching” hypothesis seems lesgs likely than ithe
nregent "ihernal" hypothesis Tor detonation in solld explogives,
since the delton.vion Procese Lius NoUit i:een shown Lo e sensiilzed

by added ¢uain-initiators.
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Eifect ox Pressure on an::xplosive Reaction 0”‘7

We now »roceed to investigate the consequences oi our ;I7
agecuaption that the elementary iate procesa in an explosive react
may te treated by the usual motliods of roaciion kinetics. The
absolute rate or a chemlcal reaction is given by

#as

- o - 4
kr-k-;.; e 0-0-03(15)

vhere k, le the specific reaction rite constunt,
k is Polizmann's consiuns,
2 1ig the auvsoluie Lemperviure,

h ie ¥lanck's constunt,
ﬂgi is the standari iree ererzy chan~e ior the lormation ox

& rnole of acitiveted comdler ifrom ths reactanis,
R 1s the pas congiant in tue stiae unite as _7/2.

1o invesiigate the eifect oi vressure P on the specific
Leac txon rate, we wish to calculate the increase in free enewgy
when the system goes from its normal to iis activaled state &t
the Dressure P. The thernodynamic relation is

@Eﬂr =y vesene(15)

wiich intesrated htecomes
P

cd 3
AJJ'}‘::P = 4.0 =0 + gAv*dP = F L\v*'fb ; =0 0--.00(17)

(3]

this is the inciease in free enersy oi actuivation which yesults
irom the work done in the volume change of activution AV againss
ihe exterual pressure P. Il sevms suie 0 wssuMu thet™In the
decormosition reuetions rouna in ex»Hiosions tlhe uGLquteu bt¥t
will be more expanied in volume than the vewctunis. Phus AVY
cGlwavy pogitive, and a4 reasonutle esbimute oi iis magniuuue 18

10 e mole=l (cx. bteurn wnd wyring). Ii we tuke tiie pressure
in 2 explogion to he 50,000 atmospheres, the increuse in iree
enery is

PAV# = 500,000 on” atmospheres

= 12 kilocalories ceeess(l8)

10NF|DF_NT\AL
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Since the volume change oi ceiivition of & dilute ¢ras is g g«].
tiiis freo enersy is also the diiference vetween the free ener Ml

oi activation in the sas phare and in the liquid (or highly
conpressed gas) phase:

+

h 1
At a temperature of 5000°K,, this difieronce in free energy of
activeiion is enoush to slow the reaction rate down by a factor
of el'a S Y. rThe eriect of pressure on the specific rate at high
temperaiures ie therefore so small that it may safely be ignored
in all but the most highly rerinea caloulutions.

Since the sign oi the volume change oi activation will
most probably he positive, the eliect of high pressure will always
te 10 8low tho reactioa down iL the reaction ig unimolecular.

i) increase 0i Drescure would never te expected to have the efifect
orf markedly ilncreasing the epocific feaction rate, as has sometimes
been proyosed.

domogeneous Reaction in the Solid §tate

® e . © e o <oy - o ———— nw . sa Wetn =

Suppose the activited stote ic to be formed in the interior
0. & solid. Since ihe recciion has been suppoged to reqhire a
volume increzse on uactivaiion, there will te a corresponding
increwse in the free ener:y of activation, tecause o the additional
work of compression on the surrounding solid. One woy of estimating
the increase in Iree energy is to suppose thet the surrounding
golic contracis homoseneously. Again making use of the thermo-
dynamice relation

JF -
:,-I‘-).‘ =V oo-o-o(lb)

we intesrate to obtaln
v
- = sz (v W oe
T I - vdP- v( dV"" g —-c-oo-.(lg)
2 1), V7 v, © €
where @'18 the comprussibility ox the solid. This is the increasc
in free energy of aciivation which results Ifrom the work done in
the deiornution of the sollid lattice. The compressibility in
kg'l cmz ol fats and related compounds is about b0 10'6, and of
praniie is about 2 10°6, Dhus the incresse in free energy is

/ONFIDENT A
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9-}’3— 10 102 xg om b'vﬁﬂflvr

10" om” atmospheres /
24 kilocalories sencoe (20) A[

%ince a liquid is sufiiciently disordered that its lattice will
10t be compbressed like that of & solld, this free energy is also
vhe diilerence between the iree energles of activation in the
30lid phase and in the liquid (or compressed gas) phase:

+ + *
A?SOlia = Aplj_quid & %' B 24 kcal seesss(8l)

While at room tempercture this difference in free energy
would cause the rate to ve slower in the solic state by & factor

of 940- 1017, and so cause the solid to be enormously more stable
than ithe liquid or gas, at a temperature of 4000°K. the reaction
in the so0lid will only be slower by a feoctor ox e or about 20,
hus ii the temperature is high enough, the solid will decompose
at a rate compurable to that of the liquid or wvapor.

Discussion

“he paralliel between the decomposition reactions o
exp»losives in the gas, liquid, and solid states and difrusion
processes in those same states is complete.

In the dilute gas phase, the dixiusion process goes without
activation ener:v and does not denend on pressure. ihe volume
chanre necesswry in the decomposition recction can take place at
no expense of free energy, since each molecule has plenty of space
already. >
In the liquid phacse, a diffusing molecule requires o certain
anount or auaditional volume~- or, a8 it has been called, a "hole?
Me xormasion of this hole requires a certain umount of free
enersy (a iraction of the heat of vaporization) and, in addition,
the free euersy requirea to carry out the expansion against any
external pressure P. In the decomposition reaction, free energy
rmust similerly be supplied for the volume change £!£ againat the
external pressure P. )

In the solid phase, a dirfusing molecule also requires extra
volume to permit its flow. But where in a liquida sueh a hole
could te introduced without appreciably disturbing the order of the
entire liquid (since it was already disordered), in a solid the
introduociion oz such & hole produces a displacement of a
congiderable number or molecules in the lattice from their previou:
positions., This requires more enerpy, consequently diffusion in
the solid state is much more difficult than that in the liquid
state. The same is true of decomposition in the solid state. It
is the requirement that the lattice retains its order -- that a
creat many molecules in the lattice must move cooperatively when
the %?ttice oxpanis -=- that suppresses both diifusion and chemical
reaction, :

CONFIDENTIAL
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The Mransition Between Reaction iiechanisms 00”‘7

Both from the oconsiderations oif the previous section whioﬁdil
indicate that reaction should be possible in the solid state, and
¢« from the experlimenial fact that it is possible to detonate cast
sticks of explosive, we are led to write the reaction

R21Cary K801id o pponiops cesese(22)

It is also known that under conditions where dissipation
is possible, detonation velocity is very sensitive to partiocle
size, smaller particles (i.e. more total surface) giving velocities
nearer to the theoretical. The conclusion immediately suugests

itself that the reaoction is a surface (or "tovoshemical”) 2/3 order
reoction, evaporation protably being the rate-determining step.
The reactlon may be Tormulated

: k
RIAOTAND efz‘_'._——alé VAPOR
van

. Koag
V.iPOR —8%8 3 paopucis

We now enquire when reaction (22) will outstrip the system of
reactions (235). “he kinetics of reactions (2%) may be ottained
by assuming a steady-state concentration of vapor. “hen

a(VAOR) .
at = Koyup (SURSACE) = kKdyap (SURIMCL) (V.POR)
-kgas (V-'-I’OR) - o‘ X EREEE) (24 )

kevap(ﬁUR;ﬂCE) -4 (PROIUC S (20)
- dt seeere (v

kdvap (SURLCE)

kgas

‘+1

The two limiting casos are of mcet interest: If evaporation is
much slower than gac reaction,

d ODUC S : '
(PR UC 08 )_ —~ kavap (S{m__?_r;c‘-,g’ (XX ooo.(aﬁ)

CONFIDENTIAL
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'If on the othor hand the gas reaction is slower, thm”HD
s ISH(?-'
/1

(PRODUCTS ) _ kovap
dt * “zas kivap cesens(27)

Acvove the temperature at which

1:888 - ke'va,p (SUR.MC )

the rate-Getermining process is evaporation; telow that temperature
it ig the gas reaction. In order to find the atsolute rates oi
those two processes, we estimate thelr heuts and entropies oi
activaition and apply the absolute rate theory:

+
k1 AFeleotronio

kgﬂ.ﬂ = he R 000005(28,

The only activation ener:y for the as reaction is thail necessary
for the electronic reurrangement which accompanies the reaction.

=6 ki «10/R
== 8 / cerees(29)

Kovas (SUR 403) = 10

The fraction of molecules wirich vre in the suriface is really
rariable, since it depends og the 2 S power of the amount unreacted.
‘he fraetion here taken, 107°, is nn eutimate which might vary

Zrom cagse to case. Condensation ig assumed to go without activaiion
onorgy, btut requires itho loss if the entroyy of vaporization, which
is estimated to be 10 cal deg™* for it he com rossel gas.

When the two rates are equal,

n o= 4Pel gctronic
R 1n 6 + ASyap

= 90, 000
27,4 4+ 10

-.....(50) .

= 800°:z:,

fhe electronic activation energy is esitimated ito be 30 keal. The
final result is, ol course, sul:ject to considerahle ervor.

The rate of the homogeneous reaction is

k» _~(&felecironic + ATgxpansion)

k
he R tooc--(v).l.’

solid -

CONFIDENTIAL




and the rato ox evaporation is

vhera the iruction ol surface molecules is taken ae beiore, aid
evaporation is assumec. o require tho full heat ox evaporution
and (o proceed withouti enuropy oi activation.

Reaetiones (22) and (26) now have the ecile rase at o
temerature

F .
= Aelecironio * 8'oxpension = &M@vep ...l (55)
. Rln 6

2

50,000 + 50,000 = 10,000
27.4

= 1800°%.,

‘"he iree enersy necessary ior expansion is estinated to be 90 keal,
ihe heat o vaporigation 10 keil. 7his Fiiawi resuli clso ie
sacjoct to condideratle aoiror.

We may now asverlhle the resulte or the olove calecurletioas.

(a)E0lid zeaciion

Above o temperaiure oi about 2000°K., veaction will Ly
Pre.erence oceur in ihe solic plwse, lLwilozeneously. e rave will
ovdy iq. (Y1), .t hivh bomperaiures, ithe i~ acvivation enerny
is not a parvicunliarly serious nuncicwad Lo ile reaction (see Finw.
% and 4). In fact, at hi~h temveraztures the reaciion is not
markedly temperaiuvre~cepenient (. 4). iowever ai lower
temperciures the re-ction becomes Lirvhly tenperaiure-~dcpendent and
¢rops oui comviovtelyv, Yhis means vhat 12 ile reaction is to «o
Lo the soiic, i tuuperature must be kept high. e meun lengin
of the reacition uone is 1008 upwerad (see Moo, U whd 4).

(o) lvaporetion

Prom atout 2000°Z. Gown to ahouk GOOOK., the preierred rate-
-etermining step is ovaporaiion. Ii oveys .ik. (Vc) und is oily
nildly temperature-depenient. oirce it is proportional to ithe
emount oif surface, t..is rocction rave wiil te seigitive to pariicle
size. {hae reaction Zone is of Tthe oxder of 1 to 100 centimetere,
8c this rocetion rate will also te sengitive to the eize wind forn
of the explogive charse. Id the roaction is to go rapidly by this
Techanisu, the particle size must e kept small or the charge siue
Grge (]

2) Gus reaciion

™This iy the oniy raouctiou btelow abvout 600%k. IV ie so
temperature~-depencent «nd the veaction zoune so long thut there ie
little chance oi i1t goin; at all. In fect Belysew iince that

explosion initiation coes not occur until the ’-Juu.m"FlnEN'lTIAL
) |
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PART II. VBMAILIED STRUCIURE OF JHU SJuADY=-H 2424 DWﬁH WAVE

EN 77,4 /

The Role of Mermal Condustien

It will be of interest to see whether thermal cenduction
is of any imporiance in the propagation of the detonation wave.
To obtain an approximate answer to this question, we take & senmi-~
infinite medium oi thermal conductivity « , impose on it the
boundary condition 4y = at x=0 ror all time i 0, and follow
the temperature within © olmedilim as & runotion Of time and distanie.
This is a clusslical problem and the solution is well known
(e, Carslaw, Conduction of Heat p. 46). If the differential
equation rYor thie dlifusion ox temperature is

2%y ¥
%;‘G-c;-%-xi ......(34)

the required soluiion is

a? X
8L g1 -2 gre —= evevse (35)
aty 2 &L g

v

where 4T is the temperature rise at any x, i,
4aTl) is the temperature rise at the boundary x=0,
kK, is the thermal conductivity,

¥V ie the volume (per gram, mole, or molecule),
Cy is the heat capacity (for the same quantity),
= 1 X 2
Erf x is the error function "7"5"'—':\.) oY /zdy
v ("]
for whioch values are tabulaied.

We now require a numerical vulue foxr the parameter ”!-/Q-v‘

C . straightforward apnlication of kineiic theoxry (ci. Jeans,
Dynamical fheory” of Gases) gives

K =1/ NN 'CVFJ' 1- (persistence of velocity factor) ee..(36)

+ where N/V is {he number of molecules per unit volume,

T is the mean veloeiiy,
JONFIDENTIAL

L 18 tho mean free path.
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Yor a liquid this becomes at once (Kincaid and Zyring) FIDENTIA l

K, = mraiste;oe factor) 1/13 o uX ececee(37)

where u is the velocity of sound,
A 18 the interatomioc distance.

We shall use this expression for the highly compressed gas also.
{.'he quantity u,!jgv, which may be called the "thermal diffusivity,”
s )

:_;_]. - mersi.s;enoe factor) u>\ veeves(38)
v

Jor & gas with spherical molecules, the persistence-of-velocity
factor is 2.622 (Chapman and Cowling, p. 235). With the high

forward velociiles existing in the detonation wave, this factor
might be somewhat larger. 1In any event, it will approximately

cancel the factor 1/3 so that

...-..(59)

The diffusion equation and 1ts solution for the problem o¥
the semi-infinite medium now become, respectively

aooo|¢(4o)

.l...'(41)

With the numerical values u = 6 10 om sec™t

A= 3 108 om

the temperature rise has been computed fﬁom Bq, (41) for yarious
times and distances. The results for 1 A, 10 ﬁ, and 100 X are
Plotted in #g. 5, and the numerical resulis for 10 £ are also

given in Table II.
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fable II - NFIDENTI AL

T?ime, seconds Am/hml

=13
ig;ﬁ %59
10 9 +9568
1079 .9867
10 «9958

If the detonation wave is traveling with a velocity

D=8 105 om sec™l, the temperature at 100 £ dietance would not
nave been raised perceptibly by therpal conduction in the time
required for thoe wave to travel 100 A. Therefore at this distance
thermal oondugtton is of no importance.

At 10 4, thermal conduction will have raised the temperature
about 15% oz ite total value, in the time the wave would take to
travel this far. Therefore at thie distance thermal conduction
is of a certgin importance.

At 1 A, thermal conduction will have raised the temperature
656% of its total value and is thererore of great importance.

The effect of conduction estimated in this way is probably
an upper limit, since in a reacting system the source of
vtemperature would not maintain its high value continuously, nor
would the velocity of sound always be so high as that assumed here.
This leads us to the conclusion that the conduction of energy
‘such as that given out by a reacting grain of explosive) in the
compressed gas is comparatively short-range...at most, over a dic-
tance of a few molecular diameters. ‘hus the temperature within
a reacting system will not be the same throughout. It seems mo:e
likely that the temperature in the given region will not be very
different from that resulting from the chemical reaction which ns
taken place in that zgiven region. Those regions in whioh reactior
has proceeded farther will then te at a higher temperature.

If this qualitative result is correct, the temperature
distribution in a detonation wave with chemical reaction would
more nearly resemble Mgure 6a than Figure 6b which is usually

assumed:
Fewre ©a Fiovre ©b

Rﬁuf,ﬁwn Re: nd o.c n

e e T

ONFIDENTIAL
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The Difforential ifguation: for & Onc-Dimensional

otate Detonation Vlave

ha propagation oif a one=dinensional detonaition wwve is
descrived by Hhe pariial didferontial equations

g@ :-(,%Is -o.-.o(43)

oy the counsuivavion ox nass,

rlh U\ . U
?(3‘.; t Us-) T =3 = covenn(4b)
the connervaiion o noneasun, ond

o

ou . 1

: pis : :
-SE+UE--€ \P -‘ME>__: - 3 uo---o(44’

for the eonuervaiion O0f enersyv. lere Mo is 4/3 tiaes the viecositl
and other ormhols lave &lready hean délfined.

IZ tho detonuiion wave ig moving along ab w coneians
velooisy and with @ congtent chape anc naspnitude, o STADSLOVELL LY
0 a coordinaio gyuvien novins with the velecity of thie wave puiiili
e eonsesvation eguaiions %0 voe inbenyeiol ot opece (el. Deeckur oo
Kioviaicousky «nd 'Jiluvon) o0 ohtain wvho Sotal diideieniial oquavio o

.nca-.(45)
-ooooc({tﬁ)

) 2
BAud /i - 4u” = » = = /ey coneee(bi)

where u ig Yhe veloeisy in the moviiy; eoordiiniic svsten,
Yy is ©ho cisvonce 1n the m0vian eoordlnite 6) e,

iy J, @G o owic GONGHLNGL 0L intaesration B0 he evaluaced from
Ghe Loundary eoniilion.

.
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(a) Structurc of shock wave without reactioﬂ% Lot

/

gas.
With the assumption that the substance 1s a perrfect gas,

P = Q8T = RMI/u _ cevees(48)

and that no chemical rcaction oocurs,

GVT '000000(49)
Equations (46) and (47) become
M +RAT/u =~ § = e du/dy, cecese(50)

2 o ’
T2 sulfi - du” - 1T Rarey ceeses(51)

Equations (50) andé (51) are the basic equations for a pure shock
wave ln a perfeot gas =-- such & wave ag might be initiated and
supported by & moving piston.

Since the derivatives on the right sides are equal to zecro
before the detonation wave and ‘behind the detonation wave, they
ma.y be set equal to zexro and the two equations solved simultaneous:
1y for the tumperature and velocity before and after the detonstio
wave. This is the usual procodure of the hydrodynamic=-thermodyri-asrc
treatment. On the other hand, iquations (60) and (51) must be
- solved exactly to £ind the siructure or the wave itself.

For convenioence in calculation, we make the following
shanges of notation:

Reduced tomperature 6 = 7 RiZ/32
Reduced velocity = u KA
Reduced distanco Z 3y K4u
8 = R/eT,

=2 uBnfs®
k= Ka/).A.U'v

ino following dirfferontial equations are obtained:
dl‘ﬂ/dz =W'.‘O/£4J -1 .....-(52)
dQ/dz - l/k[g - 8(1-‘\’)2 - 88-] .00000(55)

"ONFIDENTIAL
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If iig. (53) ie divided by iq. (62) we ohtein the temperature-
volocity relation for & particle

~ ~ - ™
a0 . 1/klo -3(-0¥® -¢a
dco (2 4 9f/10 =1

..0.0-(54’

Jor the spocial case k = 14-25, ilquations (52)-(54) ccn be
w0lved in closed form, for if @ is exproscod as a power sories In
¢), the series fortuitously terminates (cf. Beoker). 1he rosult

(l+a -wz) -.ooo-‘55’

~ - - 3
&é+1 w.ln (‘d" w) ;ln(w gﬂ Q.....(56)
41 ‘Q‘-“)g_

A computation of the temperature and density within & shock wave
has been carried through with the aid of Zgs. (56) and (56) and
she assumec numerical values

5'! 0.2 corresponding to U; = b cal deg-l mole™L,

k = 1.4 which is about correcct for & dilute gas.

‘a = 0 which means that the dotonation velooclty is very
high oxr the initial temperature very low, sirnce

for low 2, & = 28 7,/p° approximately.
The results orf the computation are plottced in Mg. 7.

In general the conductivity in u shock wave may be expectcel
to e somewhat greator than that corresponding to k = 1.4 ., It 1l
thorofore desirable to solve Zgs. (52)-(54) for any value of k.
An attempt to solve tho equations by sctiing © equal to a power
serles in «w wag abandoned becausgse the serivs did noi converge woll.
Recourse was then had to numericul intogration.

The derivative in Eg. (54) is indeterminate at the tounlary,
since both its numerator «ndé denominator vanish. Howover, Lt may
ba ovaluated hy the mothoc of Y.'Hospital, difrfercniisting both witn
reipoet to w and solving the resultiag algobraie equirtion Tor
6/ded. With thie as a starting point, Iq. (64) mey be intugrated
;umerically. The valueos ol @ and w go obtained permit the numericzli

.+ intesration of Igs., (52) and (53).

GDNF\DENT\N
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In order to investigato tho effoct of inereased thcrmﬂrllql
conductivity, thce numorical integration was carried through for
the numorical valuos S

0.2
k 6
a 0]

and the results appoar in Mg, 8. It will be seen that the only
offect of tho increased thermal conduotivity is to spread the
tomperature-wave farther ahovad of the proessure-wavo,

In order to lnvestigate the effect of a higher ilnitial
?omperiture, numorical intogration was also carried through for
"he values

k
a

and the results appear in Mge. 9. The only ceifect of the higher
initial temporature is to raise the temperaiure-wave slightly.

Flgures 7, 8, and 9 are all drcwn to the same scale so
they are directly comparable. In each graph tomperature, prossurc,
ond density are plotted as percentages ol thelr agymptotic values.
In each graph the unit ol distance z is about 46 ﬁnrstr m units.
These shock waves are comparativoly wide bocouse the caleulations
wore mado for a gas; for a solid, the waves would be much narrowsr

Discussion

It ig to be notoed that in each of the caloculated shock
waves tho temperature-wave procedes the pressure-wave. This aproars
to be a general phenomenon, and is undorstandable in the light orf
the following considerations.

The impulses whioch form tho temperaturo-wave are transmit:.:
from molecule to molecule by collisions. Because of the shor’
distances betweon molecules in the highly compressed state, the
raction of the distande through which the signal muat be ocarrisq
by moving molecules is small. The rate of trensmission of the
thermal impulse can thererore exceed the kinctic-theory velocity
of the molecules by & considerable amount.

The donsity (and pressure)-wavos, howover, are built up by
an increased concentration of molecules themsvlves. The rate of
this process will not exceed that permitted by tho kinetic-theory
veloelty of the moleculos,

If the rate of transport of heat always exceeds the rate ol

‘ansport of molecules, we may saifely negzlect coavective transpor:
>€ energy in the detonation wavo.
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ghock wave without cheuioal'reaction in
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Strueture of . shock wave without chemical reaction in
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(b) Shook wave with chomiczl rocetion, in & perfocthQENTIAL

When a chomiccl reaction is occurring within the shook wave,
the basic equctions lfor tho steady=state wavo become

Mu+RIﬂ‘/u-J =/(Adu/dy loo-oo(57)

C.vl‘ J (1-n,Q+qu - iu.a - ¥ = di!/dy 000000(58,

Bqs. (67) and (568) differ from tho equations for the shock wave
without reaction only by tho inelusion of thu torm (l-n)q, whero

Q 18 the heat ovolved by the rewctlon, por unit mass,
n is the fraction of muterial left unroicted.

In addition thore will be an equation for the rate of
roaction, which will bo for o iirst-ordor roaction

an .. _ . =A/R
a6 n 40 0.....(59)

?ho timo derivative in lig. (59) oan bo changsed to the space
dorivative with the aid of tho relaction which holds for the stoeidv

atate

dn dn
dt.ua-y' 000000(60)

For oonveniencc in calculation, we mcke tho same changos i
n>tation as botore (page 23), with the wdditional ones

a = o mE %,
Z' = z,u/a
A' T 4 mR/s®

The following threo difieorcntial equations aro obtoinod:

d“/dz =W "'0/&\)- 1 000000(61)
d.O/d.z l/k [g L] Q'(l"ﬂ) - 8(1-(0}2 - Su.] 0o 003(62)
dnfdz = - & gz omA'/8 cesses(63)

CONFIDENTIAL
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Equations (61), (62), (63) must be integrcted ﬂirult:meouNHDEW AL

This can bo done by numericul fintegration.

The reosult of the integrution is given in Pg. 10 for tho
conditions
S=o0.2 a = 0.1 k=6

Q' = 0,1436 z' = 10% A' T 1,736
* which corrospond to the boundary oconditions

2.6 1010 goc™l- Probability faotor
60,000/1.986 deg Hect of cetivation
2,15 10% om sec™l Duton.iion velooity
12,4 koal mole™l Heat of reaction

@ = 0.0012 gm om™® °  Initizl density

P 1 atmosphere Initial pressure

Mz a/3 'l = 2,27 10™% poise  Viscosity

Z
A
D

Q

It will be seen from the results of Mg. 10 that &
unimolecular gas roaction, evon with u high cetivation energy,
will go to completion in a distcnce less thon thut required for
the system to reach its highest temperaturo. Under these conditicrg
the rate~dotermining step will shift to some other process such
a8 evaporatlion or activation by bimolecular collision for gos
rozetions (Cf. discussion in Port I).

(o) shock wave in a solid explosive, with evaporation the
»uteo-determining step.

When a shock wave and its a2ccomponying chemlcul rocetion
wve taking place in 2 sollid explosive, the equations fox the
nteady-etate wave become

uﬁ.-M 010'01(64)

MeP -~ J =/"\du./dy 10-0-0(65’

%
Ty? = (1-n)Q +ud /M - fu 7 49/8y  cee.s.(66)
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.
The prossure P is given by the sum of the prdﬁ

0
the gas initially surrounding the groins cnd that due to ENTI
evaporated explosivo: AL

RT

v_“ 00.00'0(67,

= . Vi
P =P ke + (1-n)

whero P; is the initicl pressure of the restduzl gus,
¥V, is the initial spocifie volume,
I; 1s the initial temperature,
n is tho fraction of explosive remcining in the ‘solid stute,
% is the ocovolume (assumed constant).

An addltional equation is requirod for the rate of reactic:..
The solid is supposed to be grains of uniform size, cnd 1t is
essumed that tho reasction rate is given by the rate of evaporation
of moleculce {or portions of molecules) from the surface. The rcte
is then given by

i/
- dm/at '-'gg- ?-E-e“'*'/RT ceeses(68)

is tho number of molucules per gram in the eolid stzate,

where m

ﬁ is the nunmber of grains per grom,
4]

)

is the surface area of o prain,
is the arez ocoupied by a molecule.

Upon making tho substitutdéons

1} nn

[+

3
= v /aqis
- 2/53 300000(69}

= 4¢rrﬁ St

- 2/3
2 (v /uy)?/

m, is the initial number of molecules per grum in the
solid,

¥V, is the initial specific volume of = grain,

T, is the initial rzdius of a grain,

»ONFIDENTIAL
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the rote equation bocomes:
1/3

- dn/at = n --9:75 E% 048

whioch may be writton

2 - !
- dn/dt =n /5 Z o M%D vesses(Tl)

1t a time derivotive is oshanged to o space derivative with the aid
. the steady=state rolation

dn - , dn . dn
dt udy WI&' ooonoo("z,’

Upon making tho substitution V'z V=& , cnd negleoting Elllmr
we obtain the three differentinl eguations

Mpuav'/ay = vl 4 (L-njRaf - 31 sevseef?3)

x% az/ay = T - (enlQ+arvt - WvR omr g

1 o-m*/m 2/3

L d.n/dy v"x n ....l.(vs)

7or convenience in calculation wo moke changes in notation
anxlogous to thoso used beforo:
e o2
? /30

vi M2 fy0

y M/

R/2C,
1124.'“/3'

lu/ o

Q mz/a 127

AL R
,Auz/a"""

Roeduced temporature O
Reduced velocity &

Reducod distance

)

k
Q'
Z1
Al
!

P —e
——

za
.
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Upon making these substitutions, the three difforential equations
to be integrated simultaneously beoome

d‘«d‘ sw +f1-n)°/b)- b 000010(76)

a0 /az = 1/k[_o - Q*(1-n) =3 (1-0)® -Sa] ceesee(77)

e"A'/'° n2/3

w"u' 000000(78)

- dn/ds = 2!

While analytic solutions have not been obt.ined for the
jvuuem of equations (76), (77), (78) in the generzl ccse, it is
accaible to solve the equations exactly in the front of the wave
smore the amount of reaction is negligible. The solution is

‘J=l-ol ez 00-000{79,

012 2s s/k

0=Sn eeceee (80
troe=e 4050 (80)

3olutions ovor the ontire range can be obtcined for specifio
snbstances by numericcl intogration, This has beon carried through
itor INP?, the results of the calculotions teing presented in

Tige 11l. The numericsl integrations aro somewhot tedious beccuse
tho result of the intogrotion is sonsitive to the precise vzluc

at which intogration is started, so that the integrution must te
ropeated sovoril times bofore it satisfies 211 the boundcry condi-
-::*.ons.t The final result in Mg. 11 is believod to be fairly
a3curate.

The numerical values assumed for TN in this ccleulation

aroe
0.629 om® g~1

6.9 10° om sec™?

500%

0.43556 om3 g'l

0.326 ocal g'l

molecular welght of products = 25.9
770 oal g~1

0.5094 om® g™t

3293%k 2
2.39 10~% o0zl sec™t om™ (estimated)

2 105 poise (ostimuted) _ .
ONFIDENTIAL
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v_ 20,6046 om® g~1

m/ﬁ = 0.7565 10°% soo™l (estimated) NHDENT
r, 21077 gy (ostimated ) qu
AE? 2 11 kool molo™t (estimated)

All of the proporties of TNT? in the abovo 1list except those

" marked "estimatod" were tcken from a czloulation of the detonztior
rroperties of TNT by Cook. The only one of tho estimcted
rroperties which roquires comment is the grain-radius Lo Which

was taken ag 1077 om; this value is surely an extreme 1lBwer limit,
2l since tho rete of reaction is inversely proportional to the
initial grain sige, this oculoulation reprosents an extreme upper
iimit for the rate of reaction by the evaporation mechanism.

One unit of g in Mg. 11 is 0.2 fngetrgm unite, which
would make the reaction zone (and temperature-wave) about 20 or 30

fngatrdm unite long in all,
Discussion
Several features of these rosulte deserve comment:

‘1) Tho wave-front of the temporature wave is comparctively broad
aad of & gradual slope, the tempercture cppecring to rise ae the
raaction proceeds. See the discussion on page 21.

(2) The pressure-wave, on the sontrory, 1s narrow and steep. Just
a8 in other shock wovee, the pressure iront lags far behind the
temperature front. The eiifect of pressure changes on the recction
is negligible, and the pressure front is too far behind tho temp-
orature front to have any important effect in igitiation of the
re2ction. When the pressure front arrives, it does produce a
fudden jump in the temper: ture.

(3) It has boan proposed that detonation roactions should have 2
I wave form like that in Pig. 12, the
I FIQURE temperature and pressure passing
)\ < through an exceodingly high maximum
] N 12 Just behind the front of the wave, ari
N approaching their ceymptotis veluec
N .. from above. The diiforential equaticue
T == do indicate the existence of such a
| maximum, However, the caloulitions
|
|
!
|

which Mg, 11 illustrotes show that
tho maximum in pressure is not large,
while the maximum in temperature is
imperceptitlo on tho graph. These
mixima are therefore probably not of

L sufficient mupnitude to be of z=ny gre:*

DisTAaNCE importance.
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PART III. THE DZIONATION WAVE WETH RADIAI LOSSZS. JONFIDENT/A
L

If explosive charges are of sufficient dlameter that the
wave does resemble closely a one-dimensional wave, it is poseible
to obtain detonation velocities very close to those theoretically
caloulated. However, actual explosive charges are often of smul:.
enough diameter that a considerable part of the energy of the
¢oetonition wave is dissipated laterally =~ producing slowing or
eventuully stopping of the detonition wove. The diameter at which
this effect becomes apprecinble may be of the order of inches for
low-enexrgy explosives.

It may be supposed a priori that the detonation wave ceases
vecouse the chemical reactTon whioh was its support has cecsed.
At o point where there is no detonation, there is no longer any

~henical reaction.

As the discussion of Part I indicates, the pressure has
“I%%le or no effect on the rate of reaction. We therefore suppose
: the chemical reaction becomes excessively slow only because
wii> Semperature has fallen excessively low. When the explosive is

“e¢oun2ted with the aid of a booster, the temperature =t the
~esomotor end is sufficiently high (12 the booster is supposed to
bs 4 high-energy explosive) that the reaction will go in the solid
ni:322. But as the detonction wave proceeds, if heat is lost rad-
121ly the back part of the detonation wave will be cooled. This
will cause the reaction to become slower in this region, which
will then cool the region immediately preceding it. The result
will be that a region of low pressure and temperature (racrefaction
wave) will spread forward until it reaches the front of the
detonation wave and the detonation will fail.

The eifect of tempercture~lowering on the reazction rate will
be particularly noticeable if the reaction hag to go homogeneously
if at all, because it has no surfice to  permit the heterogeneous
reaction. This will be true for c.st explosives, cnd to & lesser
extent true for explosives composed of large-sized porticles.

The high activation energy of the homogeneous recction will ocuse
the reaction to come to a complete standstill even at moderctely
high temperatures (cf. Iig. 4).

The complete problem ox the rate of dissipative loss in a

wave with chemicul reaction is o difficult one which has not been

solved. However, the gggnttude of dissipative loes as a function
of the amount of radial expansion ocun be studied. There are ot

least three possible ways in which expansion might produce a
lowering of temper:ture:

(1) Effect on the reaction

If the schemical reaction in o particular region has only
gone partially to completion when the explosive hus expanded, the
remiining rezction will take place as if the initial density of
loading of the explosive were less. This might eifect both the
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pressure and the temperature whioh the complete reaction would

produce.
The experimental fact is that while the initial density of
loading has a marked effect on the detonstion velocity (Mig. 13
gives the effect on detonation velocity for some common explosives)
and on the detonation pressure (Mg. 14% gives the effect on
pressure), it has substantially no effect on the detonation
temperature (Tg. 15).

This result should have been expected, for the detonation
temperature is determined primarily by the heat evolved by the
reaoction and the heut capacity of the products, neither of which
is partiocularly sensitive to density. Liore exactly, the detonation
tomperoture for a so0lid explosive is given by

1+ Y%
Iz = H l...‘l(sl)
1 - —1: —
1¢-% (1 - av/avy)

/]

-

wi1:re H 18 the number of molecules produced from (. single molecule
¢; 16 explosion, and the other symtols haove thelr usual mecning

irtiz)e It will be noted that the density cppezrs explicifly only
0 ure derivative o2 the covolume, The effect of density would
snorefore be small,

(2) Effect of adiabatic expunsion

If tho reacted (or particzlly reaciel) explosive behing tkLe
datonation front expands so quickly that hect loas to the
surroundinge moy be neglected, we ezn cclculate the temperature
drop caused by the adiabatic expansion.

Jor a substance which obeys the imperfect gues low

P (V -M) =RT ......(82)

with the covolume constont, the adicbatic law is

C../C
P (V=-&X) p/v S oonst.

000000(83)

R
T (V-N) = const.

ifrom which the temperature and pressure after .ny given expansion
4y be computed. This hus been done, with the assumption thut
the covolume & is 0.85 of the detonution volume Yo The results
are plotted in Mig. 16,
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§52 Effoot of Lnertin of the case.

If work is done aguainst the 1lnertia forces due to the
coge surrounding the explosive charge, energy will be dissipated
thoreby and the temperature will fall.

The results for this process have been caloulated by
numeriocl integration by G.I. Taylor, for a oylindrioal explosive
vurrounded by o heavy oase, and the case does not begin to expand
zntll the detonation wave has passed and the renction is over.

Tho temperature and pressurc calculated in this woy for
—~urious degrees of expansion are plotted in IMg. 17, the dxta for
vhich were token from Table I of Taylor's report. The tempercture
w28 not given in Taylor's Table I, but wos computed from his
walges of pregsure and density with the 21d of the ecuction of
vtate, :

The calculztions of Tcylor on which Mg. 17 is based include
ruith the effect of inertia ond of adiabatic expansion.

Discussion

It la apparent that the cffects of radicl expansion will
--ower the temperature bohind the front of & detonztion wove =~
and the magnitudo of the temporature offect is liurge enough fo
hove a major effect on the rate of recction.

for oxample, on expansion to twice the initicl volume will
lower the toemperiiure to cbout 20% of its initicl velue (Mg. 17).
1f the initial tempercture wig 4000°K, this 00oling would be
sufficient to bring it to 800K., which would effectively stop
not only tho homogencous (solid) rezction tut clso the hotero-
goneous (evaporation) rocection cnd so bring cll decomposition
of tho explosive to & standstill.




FIGURE \7

Lifoet ol expunsion of i oylindricnl ousce.
.':Lf:; GZ‘ .:"I 3 ;"-;:’101‘ »




PAR? IV. THE DITONATION WAVI IN THZ NON=-S1BADY STATL. ”%é“””
Hoving determined the distribution of pressure, temperature,
donaity and volocity in the stecdy=-stite dotonction wave, we may
vish to dotermino the same properties for the non-stecdy state.
Jor example, wo may wish to hove the wove poss from one medium into
cnother with different properties cnd Zollow ite progress there.
In principle, it is possible to do this by nunmeric:zl
.riizration of the general equations ox conservotion, introducing
vrs shogen eonditions discontinuously at some point on the spaco

ceordinote. Any glven distribution mey te differonticted graphically
cr tabularly to obtain 211 the necessary terms in the equations

oo.c-c(84}
0000-0(85)

100000(86)

%/ ax

t'i¢h the usual auxiliary equations
Pe=-z(@, ) (Equation of state) coeees (87}

E= ch = (l-n)Q o.oo-.(ee}

dn/at = . P(n, T) (Rete law) cssees (82)

Hoving obtalnod the time dorivatives, it would be poéaiblo to fing
new values for the varicbles by relations such 28

PSP+ %%At aetc. cssees(90)

Ropetition of this process will then show graphically the effect

on & detonction wave of any set of conditions we choose to impose.
Thoe wave could be followed from one oxplosive into .nother, cs

for o booster. The method could also follow the thermzl initiation
of an explosive by a given temperituro distribution.

The method has beoen tried by the writers in 4 preliminary
way, but the caloulation involved is oxcessive and no finmal results
have beon obtainod in this way. 4An attempt to evaluate tho deriva-
tives by oxpressing T as a power sories in t (soce Informal Progress
Report 2) was abandoned because it did not converge fust enough to

pormit any usoful calculations. GO“F\“E““\R\,
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